Abstract With the re-evaluation and revision of a number of design floods, several embankment overtopping protection systems have been developed and a common technique is the construction of a stepped spillway on the downstream slope. For such moderate slope stepped channels, detailed air-water flow measurements were performed in a large facility with a focus on the rate of energy dissipation, flow resistance, air-water interfacial areas and re-aeration rates. Past and present experimental results showed a significant aeration of the flow. The median dimensionless residual head was about 3 × d c for the 21.8 • sloping chute and smaller than that for flatter slopes (θ = 3.4 • and 15.9 • ). The flow resistance results yielded an equivalent Darcy friction factor of about 0.25 implying a larger flow resistance for the 21.8 • slope angle than for smaller slope angles. The re-aeration rate was deduced from the integration of the mass transfer equation using measured air-water interfacial areas and air-water flow velocities. The results suggested an increasing re-aeration rate with increasing rate of energy dissipation. The stepped invert contributed to intense turbulence production, free-surface aeration and large interfacial areas. The experimental data showed however some distinctive seesaw pattern in the longitudinal distribution of air-water flow properties with a wave length of about two step cavities. While these may be caused by the interactions between successive adjacent step cavities and their interference with the free-surface, the existence of such "instabilities" implies that the traditional concept of normal flow might not exist in skimming flows above moderate-slope stepped spillways.
Introduction
In recent years, the design floods of a number of dams were re-evaluated and the revised flows were often larger than those used for the original designs. In many cases, the occurrence of these revised design floods would result in dam overtopping because of the insufficient storage and spillway capacity of the existing reservoir, with catastrophic consequences for embankment structures. A number of embankment overtopping protection systems were developed [2] and a common technique is the construction of a stepped spillway on the downstream slope ( Fig. 1) . Figure 1 illustrates an embankment whose primary spillway is a stepped spillway on the embankment slope. Stepped spillways are designed to increase the rate of energy dissipation on the chute [10] and it is essential therefore to predict accurately the turbulent dissipation above the steps for large discharges per unit width corresponding to the skimming flow regime. Skimming flows are highly aerated [16, 30, 34] . Through the air-water interface, air is continuously trapped and released, and the resulting two-phase mixture interacts with the flow turbulence yielding a complicated air-water structure. The high level of free-surface aeration is a characteristic feature of stepped chute flows, and a number of in-stream stepped cascades were built along polluted and eutrophic streams to re-oxygenate the water. For example, besides the Calumet waterway; downstream of the Petit-Saut dam [25, 36] . The re-oxygenation performances of a 1.4 m high stepped cascade were recently tested by [39] , and the results showed that the re-oxygenation rate may be derived from the integration of the mass transfer equation using measured air-water flow properties.
Herein two-phase turbulent flow measurements were conducted in a large facility with a channel slope angle of 21.8 • (1V:2.5H). The focus of the new study is a detailed investigation of the air-water flow properties to complement similar, earlier studies (Table 1) . New experiments were performed with dimensionless discharge d c /h between 1.17 and 3.16, and Reynolds numbers ranging from 1.7 10 5 to 7.2 10 5 , where d c is the critical flow depth and h is the vertical step height. Based upon detailed air-water flow measurements, the data were analysed in terms of the rate of energy dissipation, flow resistance and air-water interfacial areas, and the results were compared with relevant literature. It is the aim of this work to characterise the energy dissipation performances, together with their aeration potential in terms of dissolved oxygen, of moderate slope stepped spillways.
